The long-term effectiveness of chlorhexidine as a matrix metalloproteinase (MMP) inhibitor may be compromised when water is incompletely removed during dentin bonding. This study challenged this anti-bond degradation strategy by testing the null hypothesis that wet-bonding with water or ethanol has no effect on the effectiveness of chlorhexidine in preventing hybrid layer degradation over an 18-month period. Acid-etched dentin was bonded under pulpal pressure simulation with Scotchbond MP and Single Bond 2, with water wet-bonding or with a hydrophobic adhesive with ethanol wetbonding, with or without pre-treatment with chlorhexidine diacetate (CHD). Resin-dentin beams were prepared for bond strength and TEM evaluation after 24 hrs and after aging in artificial saliva for 9 and 18 mos. Bonds made to ethanol-saturated dentin did not change over time with preservation of hybrid layer integrity. Bonds made to CHD pretreated acid-etched dentin with commercial adhesives with water wet-bonding were preserved after 9 mos but not after 18 mos, with severe hybrid layer degradation. The results led to rejection of the null hypothesis and highlight the concept of biomimetic water replacement from the collagen intrafibrillar compartments as the ultimate goal in extending the longevity of resin-dentin bonds.
bonding with etch-and-rinse adhesives. This philosophy embraces the concept of water replacement from interfibrillar and intrafibrillar spaces by ethanol to create a comparatively hydrophobic, ethanol-suspended demineralized collagen matrix for infiltration by hydrophobic resin monomers (Nishitani et al., 2006; Pashley et al., 2007; Tay et al., 2007; Sadek et al., 2008; Hosaka et al., 2009) . This approach has profoundly improved our understanding of the deficiencies associated with contemporary etch-andrinse and self-etch adhesives, notably, their inability to replace free and loosely bound water from the intrafibrillar compartments (Cameron et al., 2007) of water-saturated collagen fibrils . The procedure also prevents phase separation of hydrophobic resin monomers in the presence of water (Tay et al., 1996; Wang et al., 2006; Ye et al., 2008) , since the latter is completely replaced by ethanol prior to the application of these ethanol-soluble monomers (Becker et al., 2007; Sauro et al., 2009 ). Replacement of water by ethanol from the collagen intrafibrillar compartments also removes the hydrolytic medium for the functioning of the collagen-bound matrix metalloproteinases (MMPs) that are responsible for the degradation of resin-sparse collagen fibrils within the hybrid layer.
Ethanol wet-bonding differs conceptually from the use of chlorhexidine, a potent MMP inhibitor (Gendron et al., 1999) , in preventing hybrid layer degradation (Pashley et al., 2004; Hebling et al., 2005; Carrilho et al., 2007a Carrilho et al., , 2007b Breschi et al., 2009) . In theory, degradation of the interface should not occur when water within the intrafibrillar and interfibrillar compartments of a collagen matrix is completely replaced by resin. Since the use of chlorhexidine with a water wet-bonding technique does not provide a mechanism for progressive removal of intrafibrillar water from the collagen matrix (Kim et al., 2010c) , the chlorhexidine may eventually leach out of the hybrid layer because of its electrostatic binding characteristics (Blackburn et al., 2007) , with water functioning as the desorption medium. Thus, the long-term effectiveness of chlorhexidine as a MMP inhibitor may be compromised when water is incompletely removed during water wet-bonding with etch-and-rinse adhesives. This study challenged the currently accepted anti-degradation strategy of using chlorhexidine in water wet-bonding by testing the null hypothesis that wet-bonding with water or ethanol has no effect on the effectiveness of chlorhexidine in preventing hybrid layer degradation over an 18-month period.
MATERIAlS & METHODS

Dentin Bonding
Forty-two recently extracted human third molars were collected after patients' informed consents were obtained under a protocol reviewed and approved by the Ethical Research Committee of the University of São Paulo. A flat mid-coronal dentin surface was prepared perpendicular to the longitudinal axis of each tooth by means of an Isomet saw (Buehler Ltd, Lake Bluff, IL, USA) under water-cooling. A second parallel cut was made 3 mm below the cement-enamel junction to expose and remove pulp chamber contents. The crown segment was attached with cyanoacrylate glue (Zapit, Dental Ventures of America, Anaheim Hills, CA, USA) to a Plexiglas platform assembly to deliver 20 cm of water pressure during bonding. The bonding surface was polished with 180-grit silicon carbide paper, etched with 37% H 3 PO 4 (3M ESPE, St. Paul, MN, USA) for 15 sec, rinsed with water, and left moist prior to bonding procedures.
The teeth were randomly divided into 3 groups (n = 14) according to the technique/adhesive: (1) water wet-bonding/ Scotchbond Multi-Purpose (3M ESPE), a 3-step etch-and-rinse adhesive; (2) water wet-bonding/Single Bond 2 (3M ESPE), a 2-step etch-and-rinse adhesive; and (3) ethanol wet-bonding [wet dentin surface was treated with a series of increasing ethanol concentrations (50%, 70%, 80%, 95%) and 3 100% ethanol applications for 30 sec each]/an experimental 3-step hydrophobic adhesive. Each group was divided into 2 subgroups (n = 7). One subgroup was pre-treated with chlorhexidine diacetate (CHD; Sigma-Aldrich, St. Louis, MO, USA) prior to adhesive application, while the other subgroup was not. For the CHD subgroups, the acid-etched dentin was pre-treated with a 2 wt% aqueous CHD solution for 60 sec and blot-dried. The CHDtreated collagen matrix was re-wetted with water for water wetbonding or re-wetted with water and progressively dehydrated with ethanol for ethanol wet-bonding.
Scotchbond Multi-Purpose and Single Bond 2 were applied following the manufacturer's instructions (Table) . A comonomer resin blend comprised of 70 wt% Bis-GMA (Esstech, Essington, PA, USA), 28.75 wt% TEGDMA (Esstech), 0.25 wt% camphorquinone (Sigma-Aldrich), and 1 wt% ethyl N,N-dimethyl-4aminobenzoate (Sigma-Aldrich) was used to formulate the adhesive component of the experimental hydrophobic adhesive. We prepared the primer component by diluting the neat comonomer blend with 50 wt% absolute ethanol. Two consecutive coats of the hydrophobic primer were applied to the ethanol-saturated dentin. Excess ethanol solvent was evaporated with a gentle air stream for 10 sec. A layer of the neat comonomer adhesive was then applied, spread thin with moisture-free air, and light-cured for 20 sec by means of a halogen light-curing unit with an output intensity of 600 mW/cm 2 . For all groups, composite build-ups were constructed with a light-cured resin composite (Filtek Z250, 3M ESPE) in five 1-mm-thick increments.
Testing Procedures
Restored crown segments were stored in artificial saliva [CaCl 2 (0.7), MgCl 2 ·6H 2 O (0.2), KH 2 PO 4 (4.0), KCl (30), NaN 3 (0.3), HEPES buffer (20), in mM/L] (Pashley et al., 2004) at 37°C for 24 hrs under 20 cm of simulated pulpal pressure and removed from Plexiglass platforms only before being sectioned. They were vertically sectioned into 0.9-mm-thick serial slabs with the Isomet saw under water cooling. The central slab of each crown segment was used for ultrastructural examination. Adjacent slabs were sectioned into 0.9 x 0.9 mm beams, according to the microtensile "non-trimming" technique. Intact beams and central slabs were randomly divided into 3 similarly sized subgroups. One subgroup was tested or examined immediately, while the others were stored in artificial saliva at 37°C for 9 or 18 mos before being tested. The storage medium was changed weekly.
Each resin-dentin beam was stressed to failure under tension by means of a Geraldeli's testing device mounted on a universal 
Transmission Electron Microscopy (TEM)
For each group, we randomly selected central slabs after 24 hrs, 9 or 18 mos to examine for signs of the degradation within the resin-dentin interface according to a TEM protocol reported by Tay et al. (1999) . Briefly, untested specimen slabs were fixed initially in glutaraldehyde, completely demineralized with 0.5 M EDTA, post-fixed in 1% OsO 4 , dehydrated in an ascending ethanol series (50-100%), immersed in propylene oxide as the transitional medium, and embedded in epoxy resin.
The 90-to 100-nm-thick sections were stained with methanolic uranyl acetate for 1 min and aqueous lead citrate for 5 min and examined with a JEM-1230 TEM (JEOL, Tokyo, Japan) at 110 kV.
RESulTS
Bond Strength
Tensile bond strength results of the 3 factors (bonding technique/adhesive, CHD pre-treatment, and storage time), and the percentage reduction in bond strength after 9 and 18 mos are summarized in the Table. Repeated-measures three-way ANOVA showed that there were statistically significant differences for the factor 'bonding technique/adhesive' (p < 0.05) and the factor 'storage time' (p < 0.001). The interaction between these two factors was also significant (p < 0.001), indicating that the reduction in bond strength during storage was dependent upon the bonding technique/adhesive used. The ethanol wet-bonding technique applied with a hydrophobic adhesive exhibited bond strength values similar to those of the commercial adhesives after 24 hrs (p > 0.05). Pre-treatment with CHD did not significantly affect adhesion in any group (p > 0.05). Bond strength did not significantly decline after aging for the groups in which the ethanol wet-bonding technique was applied, regardless of the adjunctive use of CHD (p > 0.05). Pre-treatment with CHD before the water wet-bonding did not result in a significant drop in bond strength in the commercial adhesive groups after 9 mos. However, significant bond strength reductions were observed after 18 mos (p < 0.01). Conversely, in the absence of CHD pre-treatment, significant drops in bond strength (p < 0.001) were detected in water wet-bonding groups as early as 9 mos (MP = 15.5% and SB = 18.9%).
Transmission Electron Microscopy (TEM)
Although voids were evident within hybrid layers created with the hydrophobic adhesive applied on ethanol-saturated dentin after 18 mos (Figs. 1B, 1D) , the collagen matrix within the Figure 1 . Representative TEM images of 18-month-aged hybrid layers created by ethanol wetbonding in the absence/presence of chlorhexidine diacetate (CHD) and coaxing the ethanolsaturated matrix with an experimental hydrophobic adhesive. Although voids were evident within the hybrid layers, the collagen matrix within did not degrade, regardless of whether CHD was included in the absolute ethanol used for the final rinse. C, composite; A, adhesive. Between open arrows, hybrid layer. D, dentin; T, dentinal tubule. (A) Low magnification of the resin-dentin interface in the subgroup without CHD. (B) High magnification of (A) showing wide interfibrillar spaces (ca. 50 nm; arrow) within the hybrid layer that were probably caused by shrinkage of interfibrillar proteoglycans (Mazzoni et al., 2008) in absolute ethanol. This provided a higher resin/collagen ratio within the hybrid layer. Open arrowhead: voids within the hybrid layer. (C) Low magnification of the resin-dentin interface in the CHD subgroup. (D) High magnification of (C). Similar voids were present within the hybrid layer (open arrowheads).
hybrid layers did not degrade, regardless of whether CHD was included in the absolute ethanol used for the final rinse ( Fig.1A -no CHD; Fig.1C -with CHD) . Wide interfibrillar spaces (ca. 50 nm) were clearly observed (Figs. 1B, 1D ) that produced a higher resin/collagen ratio within the hybrid layer.
Resin-dentin interfaces bonded with Scotchbond Multi-Purpose after 18 months' storage showed partial and totally degraded hybrid layers in the subgroup without CHD ( Figs. 2A,  2B ). Loss of fibrillar integrity and denatured collagen components were frequently observed in the remnant hybrid layers (Fig. 2C) . Similar degradation features were observed in resin-dentin interfaces bonded with Single Bond 2 without CHD after 18 mos of aging (Figs. 3A, 3B) . Interestingly, in specimens with partially degraded hybrid layers, the degradation ended rather abruptly, without transition from a partially degraded region to the intact hybrid layer. Breakdown of intact collagen fibrils into microfibrillar strands could be observed within the degraded hybrid layer (Fig. 3C ). Intact hybrid layers were seen in 75% of the specimens from the CHD subgroup bonded by the commercial adhesives after 18 mos of aging in artificial saliva (Figs.  2D, 3D ).
DISCuSSIOn
The bond strength and TEM results indicated that the use of an ethanol wet-bonding approach with a hydrophobic adhesive is a philosophically viable approach for extending the durability of resin-dentin bonds, and that CHD pre-treatment had limited effect in preventing bond degradation after 9 mos. Thus, the null hypothesisthat wet-bonding with water or ethanol has no effect on the effectiveness of chlorhexidine in preventing hybrid layer degradation over an 18-month period-should be rejected.
Bonds made to water-saturated dentin by commercial etch-and-rinse adhesives deteriorated over time regardless of CHD pre-treatment. The CHD dissolved in ethanol should be more soluble in both the experimental and commercial comonomer blends than CHD dissolved in water. We speculate that this might allow more uptake of CHD dissolved in polymerized resin than is possible with CHD dissolved in water. The net effect may be a longer release of CHD from ethanoldissolved CHD than from water solution of CHD, albeit at a lower concentration (YK . It is important to stress that bonds made to ethanol-saturated dentin with the experimental hydrophobic adhesive were preserved regardless of CHD pre-treatment. Thus, preservation of hybrid layer integrity in the ethanol wet-bonding CHD subgroup is unlikely to be solely contributed by a higher concentration of retained CHD within the demineralized collagen matrix. When ethanol wet-bonding is meticulously performed with a 4-minute progressive ethanol substitution technique under simulated pulpal pressure, water is removed from the collagen intrafibrillar compartments (Kim et al., 2010b) , resulting in higher intramolecular hydrogen bonding among the collagen molecules that causes shrinkage of the fibrils (Miles and Burjanadze, 2001; Miles et al., 2005; Pashley et al., 2007) . As a consequence, the interfibrillar spaces of ethanol-saturated dentin are larger than those of watersaturated dentin . Since hydrophobic resins are used in this technique, their hydrolytic stability over time (Ito et al., 2005) further contributes to the preservation of hybrid layer integrity over the 18-month aging period.
In essence, collagen dehydration by ethanol wet-bonding followed by encapsulation of the collagen molecules by a water-free hydrophobic resin recapitulates the progressive dehydration of collagen fibrils by intrafibrillar apatite crystallites in biomineralization of hard tissues (Magne et al., 2001; Wehrli and Fernández-Seara, 2005) . Incomplete water replacement by contemporary adhesives is the critical barrier to progress in contemporary dentin bonding (Kim et al., 2010b (Kim et al., , 2010c . Conversely, removal of intrafibrillar water via apatite replacement conserves the integrity of the collagen matrix in mineralized tissues over a much longer time span (Collins et al., 2002) than is possible with hydrophilic dentin adhesives. This is due to molecular immobilization of MMPs and other enzymes with collagenolytic potential in an environment in which water exists only as structural water within the potential intrafibrillar water compartments of the collagen fibrils (Fullerton et al., 2006) . In the presence of a more biomimetic and definitive intervention mechanism for "fossilizing" collagen, it is not difficult to perceive why CHD pre-treatment did not further contribute to preventing hybrid layer degradation in the present study.
The concept of enzyme immobilization by resin is not new and forms the basis of molecular imprinting of enzyme-template complexes by polymerized resinous materials (Jiang et al., 2007) . In ethanol wet-bonding, residual water on collagen and associated bound non-collagenous proteins such as MMPs is removed with the use of ethanol. When comonomers dissolved in ethanol diffuse through interfibrillar spaces, they molecularly imprint those proteins after polymerization. The difference between ethanol wet-bonding of dental resins to collagen and MMPs and true "molecular imprinting" is that the template (collagen, MMPs, etc.) is not removed. That is, the adhesive dental resin presumably infiltrates into and around these peptides and occupies their active (catalytic) sites.
Previous studies have demonstrated that the use of chlorhexidine as an MMP inhibitor preserves the integrity of the hybrid layers created by commercial adhesives (Hebling et al., 2005; Carrilho et al., 2007b; Breschi et al., 2009 ). Nevertheless, increases in adhesive joint failures were observed in aged specimens pre-treated with chlorhexidine (Zhou et al., 2009) . The observation that chlorhexidine can be released from chlorhexidine-diacetateincorporated resin discs (Hiraishi et al., 2008) suggests that chlorhexidine can be released from resin-infiltrated dentin hybrid layers over time. This provides a possible rationale for the abrupt reduction in bond strengths between 9 and 18 mos for the CHD pre-treated Scotchbond Multi-Purpose and Single-Bond 2 groups. During the initial 9-month storage period, released chlorhexidine could continue to inhibit MMPs and protect collagen fibrils within the hybrid layers. However, with continuous release of chlorhexidine between 9 and 18 mos, the concentration of electrostatically bound chlorhexidine probably decreased over time, resulting in reduction of its MMP-inhibitory effect on collagen-bound MMPs. Thus, the present study challenges the use of electrostatically bound chlorhexidine as an antidegradation strategy to maintain long-term hybrid layer integrity. This provides the rationale for our current investigations of methacrylate resin-based, light-curable MMP inhibitors in preventing bond degradation. Our work further highlights the concept of biomimetic water replacement from the internal compartments of collagen fibrils as the ultimate goal in improving the longevity of resin-dentin bonds created by contemporary etch-and-rinse adhesives.
